Abstract
Introduction
Peak anaerobic power is significantly higher in men than in women [1] due to a greater mass of skeletal muscles in the former [2] and differences related to the histology and metabolic activity of myocytes among the sexes [3] [4] [5] [6] . While the share of slow-twitch and fast-twitch muscle fibers in skeletal muscles is similar in both sexes [7] , men show a greater cross-sectional area of fast-twitch fibers [3] , higher ratios between the cross sections of the following pairs of fiber types: IIA/I, IIB/I and IIB/IIA [8] and, consequently, a greater share of Type II (MyHC II) myosin heavy chains than women [6] . The share of Type II fibers and peak anaerobic power correlate positively with the level of post-exercise oxidative stress [9] . Oxidative stress results from a disrupted balance between oxidation processes involving reactive oxygen species (ROS) and reactive nitrogen species (RNS), and the enzymatic and non-enzymatic antioxidant defense [10] . Upregulation of ATP resynthesis during sprinting leads to a considerable increase in AMP/ATP and lactate/pyruvic acid concentration ratios, a decrease in phosphocreatine concentration and a decrease in the NAD + /NADH concentration ratio in myocytes [11] . In turn, the increase in AMP/ATP concentration ratio leads to an increase (following anaerobic exercise) in purine metabolism involving xanthine oxidase and a shift in the prooxidant-antioxidant balance towards oxidation, caused by excessive production of the following types of ROS: the superoxide anion radical (O 2 •-), hydrogen peroxide (H 2 O 2 ) and the hydroxyl radical ( • OH) [12] . ROS and RNS are also produced during myocyte contraction due to the activation of NADPH oxidase and nitric oxide synthase [12] . A significant positive correlation was observed between the increase in lactate concentration in blood plasma following exercise and the increase in total oxidative status of blood plasma expressed through lipid peroxide concentration [13] . The activity of anaerobic metabolism enzymes is greater in men than in women [4, 5, 8] . As a result, men display greater disruptions to the acid-base balance in the blood following anaerobic exercise [14, 15] . Catecholamine concentration in the blood is also higher in men than in women following anaerobic exercise [15] , which may intensify oxidative stress in the former [16] . On the other hand, a significant, yet similar in both sexes, increase in AMP-activated protein kinase (AMPK) phosphorylation was found in muscles following anaerobic exercise [17] . Because AMPK activates nitric oxide synthesis [18] , its increased phosphorylation may indicate that both sexes undergo a similar post-exercise increase in RNS concentration. Anaerobic exercise is followed by an increase in lipid peroxide concentration and the total antioxidative capacity of blood plasma, which indicates disruptions to the prooxidant antioxidant balance [19] . Even though research has observed the activation of the κB nuclear factor in the nuclei of peripheral blood mononuclear cells [20] , enzymatic antioxidant defense has not yet been unambiguously shown to have a significant role in preventing the development of oxidative stress following anaerobic exercise. A study by Berzosa et al. [21] found an increase in the activity of catalase, superoxide dismutase and glutathione peroxidase following anaerobic exercise. However, a different study observed a decrease in superoxide dismutase activity and no changes in glutathione peroxidase activity [22] . It seems that in the case of anaerobic , relative to body mass value of mean power; OSI, oxidative stress index; PP, absolute value of peak power; PPÁBM -1 exercise, antioxidant defense results from the activity of low molecular weight non-enzymatic antioxidants, e.g., reduced glutathione, uric acid, β-carotene, α-tocopherol and ascorbic acid, which constitute a significant portion of the blood plasma's total capacity for antioxidants [23] [24] [25] .
Few studies investigated changes in human prooxidant-antioxidant balance following anaerobic exercise [26] . Most of these studies either involved only men [11, [19] [20] [21] [27] [28] [29] or did not take sex into consideration during data analysis [30, 31] .
Taking into account the production process of ROS and RNS as well as differences related to the histological structure and metabolic activity of myocytes among the sexes, the authors of this study proposed the hypothesis: post-exercise disruptions to the prooxidant-antioxidant balance in the blood are more severe in men than in women. To verify these hypotheses, oxidative stress caused by a 20-second-long bicycle sprint between men and women was compared based on changes in the total oxidative status and total antioxidative capacity of the blood and on changes in the concentration of low molecular weight non-enzymatic antioxidant 24 hours after the exercise.
Materials and Methods
The study project was approved by the Commission for Bioethics at the Regional Medical Chamber in Krakow, Poland (opinion No. 81/KBL/OIL/2013). The study was conducted according to the Declaration of Helsinki. Study participants were informed about the aim of the study, laboratory conditions, equipment and research procedures, and gave written consent for voluntary participation in the project. The participants underwent medical qualification that involved taking their medical history, blood count and ECG screening to eliminate medical contraindications to performing maximal and anaerobic exercise. In addition, women underwent a gynecological interview to confirm that their menstrual cycles were regular and that they took no hormonal drugs. All exercise tests were conducted under the supervision of a physician specializing in sports medicine.
Participants
Study participants comprised 10 women and 10 men aged 22.0±0.5 years and 21.6±0.4 years, respectively. All of them were healthy non-smokers, no vegetarian and were physically active (11.1±3.9 hr/week: 7.4±2.9 hr/week, 2.2±1.1 hr/week, 1.5±1.3 hr/week respectively moderate, hard, and very hard intensity), but did not engage in any sports discipline. The participants'physical activity was assessed using a Seven Days Physical Activity Recall (7-day PAR) questionnaire [32] .
The 
Study design
Each participant underwent two laboratory exercise tests. 1) The incremental test (IT) was performed on a treadmill to determine VO 2 max.
2) The anaerobic exercise test (AnEx) involved a 20-second-long sprint on a bicycle ergometer to determine peak and mean power and changes in oxidative stress indicators in the blood. The participant's diet was assessed for a week prior to AnEx. Women underwent the IT and AnEx between days 6 and 9 of the follicular phase during two subsequent menstrual cycles. Men underwent the IT and AnEx in two-week intervals. All exercise tests were conducted before noon in neutral temperature conditions (20-22°C).
The participants were asked not to perform intense physical exercise for the seven days prior to each laboratory test and not to consume caffeine or alcoholic beverages within the 24 hours prior to each laboratory test.
Anthropometric measurements
During the participants' first visit to the laboratory, BH was measured using a Martin anthropometer (Poland) with accuracy to 1 mm and BM was measured using a Jawon IOI-353 Body Composition Analyzer (Korea).
Incremental test
The IT was performed on an h/p/Cosmos Saturn COS 10198 treadmill (Germany) at an angle of 0°. The exercise began with a four-minute warm-up at 7.0 kmÁh -1 for men and 6.0 kmÁh -1 for women. After the warm-up, running speed continued to increase every two minutes by 1.2 kmÁh -1 for men and 1.0 kmÁh -1 for women until volitional exhaustion. Each participant was assumed to have reached their VO 2 max when the following criteria were met: a plateau in oxygen uptake was reached, the respiratory exchange ratio (RER) exceeded 1.15, and heart rate (HR) was close to maximal HR. VO 2 and RER were measured using a Medikro 919 ergospirometer (Finland). VO 2 max values were expressed relative to BM (VO 2 maxÁBM -1 ). HR was registered during the test using an S-610i Polar Elektro pulsometer (Finland).
Anaerobic exercise test
AnEx was performed on an 824E Monark bicycle ergometer (Sweden). The test was preceded by a four-minute warm-up at 60 revolutions per minute with a load of 90 W for men and 60 W for women. Two maximal accelerations, each lasting five seconds, were used in the second and fourth minutes of the warm-up. AnEx began after four minutes of rest, and involved the participant reaching the maximal revolution rate as quickly as possible and maintaining it for as long as possible. The load amounted to 7.5% of BM for men and 6.5% of BM for women. The test lasted 20 seconds [33, 34] . This test was used to reduce the share of aerobic processes in covering the energy expenditure [35] . The participants remained in a sitting position (the height of the bicycle seat was adjusted individually) and were enthusiastically encouraged throughout the test. After the test, revolution rate decreased to 60 per minute. The participants maintained this rate for three minutes without any load. The ergometer was connected to a computer and equipped with a magnetic timer that measured the duration of each revolution (with accuracy to 0.001 second). Peak power (PP) and mean power (MP) were calculated automatically based on these measurements with the Staniak JBA MCE software (Poland). Power was expressed in absolute values and relative to BM (PPÁBM -1 ; MPÁBM -1 ).
Biochemical assays
Blood sample collection and pre-analysis procedure. Venous blood was collected six times: prior to the AnEx (Rest) and 3 minutes (Rec 3), 15 minutes (Rec 15), 30 minutes (Rec 30), 60 minutes (Rec 60) and 24 hours (Rec 24h) after AnEx (during recovery). On the first day a cannula was inserted into the venous vessels in the inside area of the elbow. The cannula was washed after insertion and before and after each blood collection with saline (1 ml of 0.9% NaCl) to prevent coagulation. The cannula was sealed with a catheter after collecting the blood for biochemical analyses. A total of seven milliliters of blood were collected each time. The first milliliter collected was always excluded from analysis. The remaining 6 ml were collected as three samples of 2 ml into tubes that contained: 1) blood coagulation activator, for measuring the concentration of uric acid (UA) in serum; 2) K 2 EDTA, for measuring the concentrations of reduced glutathione (GSH) and oxidized glutathione (GSSG) in whole blood, the concentrations of vitamins A (Vit A) and E (Vit E) in blood plasma, total oxidative status (TOS) of blood plasma, and total antioxidative capacity (TAC) of blood plasma; and 3) lithium heparin, for measuring the concentration of vitamin C (Vit C) in blood plasma. Immediately after the blood was collected, a pyridine derivative was added to GSSG measurement tubes as a thiol scavenger in order to prevent additional in vitro oxidation of GSH into GSSG. This derivative reacts quickly with GSH but does not interfere with glutathione reductase activity. Blood samples taken to obtain serum were centrifuged after being stored for 20 minutes at room temperature. Blood samples taken to obtain blood plasma were stored in the dark on ice and centrifuged as soon as possible. Centrifugation was performed for 15 minutes at 4°C and an RCF of 1.000×g in an MPW 351R centrifuge (Poland). Blood plasma, serum and full blood samples were stored prior to analysis at -70°C in a ULF 390 Arctiko freezer (Denmark).
Arterialized blood was collected from the fingertip twice: prior to (Rest) and three minutes after AnEx (Rec 3) into 300 μl tubes with K 2 EDTA and sodium fluoride as a glycolysis inhibitor for measuring lactate (Lac) concentration in blood plasma, and into 80 μl capillary tubes with lithium heparin as an anticoagulant for measuring hydrogen ions (H + ) concentration in whole blood. The collected blood was centrifuged for three minutes at an RCF of 14.300×g in an MPW 55 centrifuge (Poland) in order to obtain blood plasma. Blood samples were collected using BD equipment: cannulas, catheters, single-use syringes with saline, a set of vacuum tubes and microtubes (United States).
Biochemical analysis. Lactate. Lac concentration was measured through enzymatic colorimetry using a Randox L-Lactate assay (UK). Assay sensitivity amounted to 0.165 mmolÁL -1 .
The assay was linear up to 19.7 mmolÁL -1 . Absorbance was measured at 550 nm using a Thermo Scientific Evolution 201 UV/VIS spectrophotometer (United States). Post-exercise increases in Lac concentration (ΔLac) were calculated. Hydrogen ions. H + concentration was measured immediately after collecting blood samples using a Siemens RapidLab 348 analyzer (Germany). Post-exercise increases in H + concentration (ΔH + ) were calculated. Total oxidative status and total antioxidative capacity. TOS and TAC in blood plasma were measured five times (Rest, Rec 3, Rec 15, Rec 30 and Rec 60) using colorimetric method with the enzymatic PerOx Kit (KC5100) and ImAnOx Kit (KC 5200) assays developed by Immundiagnostik (Germany). TOS was determined based on the total content of lipid peroxides in a given sample. TAC of a given sample was determined by adding a known amount of H 2 O 2 , allowing the elimination reaction by antioxidants to occur for a particular time and then measuring the amount of remaining H 2 O 2 . The level of TAC was calculated based the difference between the added and remaining amounts of H 2 O 2 following elimination. Measurements of both TOS and TAC involved the oxidation of tetramethylbenzidine (TMB) into a colored product that was subsequently measured using photometry. Absorbance was measured at 450 nm using a DRG MedTek E-Liza Mat 3000 microplate reader (USA). Test sensitivity amounted to 7 μmolÁL -1 for TOS and 130 μmolÁL -1 for TAC. The oxidative stress index (OSI) was calculated as the ratio of TOS to TAC (OSI = TOS/TAC). Antioxidant vitamins A, E, and C. The concentrations of Vit A, Vit E, and Vit C in blood plasma were measured five times (Rest, Rec 3, Rec 15, Rec 30 and Rec 60) using an Immundiagnostik HPLC Kit (KC 1600) assay for vitamins A and E and an Immundiagnostik HPLC Kit (KC 2900) assay for vitamin C (Germany). Plasma samples were deproteinized and centrifuged for 10 minutes at an RCF of 10.000×g before measurements. . Absorbance was measured at 520 nm using a Thermo Scientific Evolution 201 UV/Vis spectrophotometer (USA).
Reduced and oxidized glutathione. Samples were deproteinized using a frozen 5% solution of metaphosphoric acid (5% MPA). GSH and GSSG concentrations in the blood were measured six times (Rest, Rec 3, Rec 15, Rec 30, Rec 60 and Rec 24h) using an OBR, Inc. GSH/ GSSG GT35 cuvette kit (United States) by enzymatic colorimetry assay according to the manufacturee's instructions. The measurement involved the reduction of GSSG into GSH by glutathione reductase in the presence of NADPH, followed by the reaction of thiol groups with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB). The rate of the reaction was proportional to GSH and GSSG concentrations. The colored product was then analyzed photometrically at 412 nm through a kinetics measurement using a Thermo Scientific Evolution 201 UV/VIS spectrophotometer (United States). The results were compared to the calibration curve for GSH and GSSG concentrations.
Diet analysis. During the seven days preceding the exercise test, participants applied a standardized diet in terms of the percentage of consumed protein (15%), fat (30%) and carbohydrates (55%) in meeting energy needs (2,700 kcal/day), and in terms of A, E and C antioxidant vitamin content dosages: 630μg/day, 10 mg/day and 75 mg/day. Each participant received menus prepared on the basis of the nutritional value of foods and dishes proposed by the Food and Nutrition Institute in Poland. The participants' diet was assessed based on dietary diaries they were asked to keep and photographic records of food eaten [36] for the seven days prior to AnEx [37] . The assessment was conducted using the Dieta 5.0 (Food and Nutrition Institute, Poland) software (Table 1) .
Statistical analysis. Data distribution was assessed with the Shapiro-Wilk test. The significance of differences by sex for one-time measurements was assessed with either the t-test for independent samples or the Mann-Whitney U test, depending on the distribution of variables. Sex differences in post-exercise changes of biochemical indicator concentrations were compared using multiple analysis of variance (MANOVA). If a main factor (sex, anaerobic exercise, or sex and anaerobic exercise) was found to be significant, the significance of differences between appropriate means was assessed using post hoc analysis (Tukey's test and planned comparisons). For all variables, differences were assumed to be statistically significant at p <0.05. All data were presented as mean±standard error. The Statistica 10 (Stat-Soft, Inc., United States) software was used to perform calculations and draw charts.
Results
Men achieved significantly higher values of PP and MP (absolute and relative to BM) during AnEx than women ( (Table 3 ; Figs 1-10) . Changes in the concentrations of the analyzed oxidative stress indicators were similar in both sexes. No significant sex-anaerobic exercise interaction was found (Table 3) . Both sexes showed the highest concentrations of TOS, TAC, Vit A and Vit E in blood plasma and OSI three minutes after AnEx (Rec 3). Vit C concentration in blood plasma and UA concentration in the serum increased continuously following AnEx and reached maximal values 30 and 60 minutes after AnEx, respectively, in both sexes. Beginning with the 15th minute after AnEx, both sexes showed a significant decrease (p < 0.001) in GSH concentration in whole blood relative to the initial value. The decrease lasted for 24 hours after AnEx. GSSG concentration in the blood significantly decreased 15 minutes after AnEx in both sexes. It subsequently began to increase, reaching a level significantly higher than the resting value, both after 60 minutes and 24 hours of recovery. The ratio of GSH/GSSG concentrations was significant lower than the resting value 60 minutes and 24 hours after AnEx. Vit A and TAC concentrations were significantly higher in men, while Vit C concentration was significantly higher in women.
Discussion
The aim of this study was to compare disruptions in men and women to the prooxidant-antioxidant balance in the blood that take place within the first hour and the 24 hours after AnEx. The study assessed oxidative stress based on analysis of changes in TOS and TAC of blood plasma, changes in the concentrations of selected low molecular weight non-enzymatic antioxidants (GSH, UA, Vit A, Vit E and Vit C), and changes in GSSG concentration. The study also assessed disruptions to the prooxidant-antioxidant balance based on the GSH/GSSG concentration ratio and the OSI. Obtained results confirm one of the two proposed hypotheses. In both sexes, anaerobic exercise was found to cause disruptions to the prooxidant-antioxidant balance in the blood that lasted up to 24 hours after the exercise. However, contrary to the other proposed hypothesis, the disruptions increased to a similar extent in both sexes. Changes in the concentrations of all oxidative stress indicators following AnEx were significant in both sexes. Apart from GSH concentration and the GSH/GSSH concentration ratio, all changes took place progressively. The analyzed biochemical indicators of oxidative stress reached maximal values at different times after AnEx. OSI, TOS, TAC and Vit A and Vit E concentrations reached a maximal value after three minutes of recovery. Vit C concentration reached a maximal value after 30 minutes of recovery and UA concentration reached a maximal value after 60 minutes of recovery. At the same time, Vitamin C concentration in the blood was significantly higher in women than in men in all measurements. This, however, did not affect the antioxidant capacity of blood plasma, which was higher in men than in women. Consequently, the TOS-total oxidative status, TAC-total antioxidative capacity, OSI-oxidative stress index (TOS/TAC), Vit A-vitamin A, Vit E-vitamin E, Vit C-vitamin C, UA-uric acid, GSH-reduced glutathione, GSSG-oxidized glutathione.
doi:10.1371/journal.pone.0143499.t003 higher level of vitamin C observed in women could have resulted from a higher intake of the vitamin in their diet, rather than from sex differences related to the response to AnEx [38] . A decrease in GSH concentration in the blood was observed 15 minutes after AnEx. The decrease remained at a similarly low value for the 24 hours after AnEx. Surprisingly, GSSG concentration decreased 15 minutes after AnEx and only increased at a later stage of recovery, reaching a value significantly higher than the resting value after 60 minutes of recovery. GSSG concentration still showed a significant increase 24 hours after AnEx. A decrease in the GSH/GSSG concentration ratio, observed after one hour and as much as 24 hours after recovery, indicated increasing oxidative stress following AnEx. The highest concentration of thiobarbituric acid reactive substances (oxidative stress indicator) was observed after one hour after exercise at 90%VO 2 max, preceded by a 45-minute submaximal exercise (70-75%VO 2 max) and performed until volitional exhaustion, and the greatest changes in TAC, GSH and GSSG concentrations and the GSH/GSSG concentration ratio occurred two hours after anaerobic exercise [39] . Thus, the time after which the greatest changes in individual oxidative stress indicators occur depends on the duration and intensity of exercise. The results of this study differ from those obtained in an earlier study by Karabulut [40] , who compared changes in oxidative stress indicators in men and women occurring directly after anaerobic exercise, in particular, a 20-meter run at maximal speed. Karabulut [40] found an increase in malondialdehyde as a product of oxidative damage to lipids and a decrease in GSH concentration only in men, and no significant changes in the analyzed indicators in women. A study by Ilhan et al. [41] , the participants of which comprised 30 men and 30 women who performed the 30-second Wingate test, found that the initial levels of lipid peroxidation products were higher in men, GSH concentration was higher in women and anaerobic exercise did not significantly affect the levels of the analyzed indicators in either of the sexes. However, neither Karabulut [40] nor Ilhan et al. [41] assessed disruptions to the acid-base balance following anaerobic exercise. A positive correlation between the post-exercise increase in TOS and the post-exercise increase in Lac concentration in the blood was found following the IT until volitional exhaustion [13] . Therefore, the level of oxidative stress (similar in both sexes) following AnEx observed in this study may have been caused by a lack of sex differences in the increase in Lac and H + concentration after the exercise. A study by Cuevas et al. [20] , in which men performed anaerobic exercise for 30 seconds, observed a significant decrease in GSH concentration and an increase in the GSSG/GSH ratio lasting up to 60 minutes after the exercise, which indicated the occurrence of oxidative stress. Groussard et al. [42] observed a systematic increase in UA concentration and an increase in Vit C concentration in the blood in men that lasted 40 minutes after exercise; these results are similar to those obtained in this study. A decrease in GSH concentration, an increase in GSSG, UA and Vit C concentrations and a decrease in the GSH/GSSG concentration ratio observed in this study confirm earlier results [20, 42] . Furthermore, these changes indicate that oxidative stress can last as long as 24 hours after AnEx.
Antioxidant vitamins constitute even as much as 25% of total antioxidant capacity [25] . Thus, a decrease in TAC of blood plasma observed 20 minutes after the Wingate test [29] may indirectly indicate that antioxidant vitamins take part in neutralizing ROS produced during anaerobic exercise. This study showed that hydrophobic antioxidant vitamins are the primary Anaerobic Exercise and Non-Enzymatic Antioxidants compounds responsible for maintaining the prooxidant-antioxidant balance following AnEx. A decrease in vitamin concentration and a concurrent decrease in TOS and OSI were observed in both sexes after 15 minutes of recovery following an initial increase in TAC and an increase in Vit A and Vit E concentrations in blood plasma.
However, there are some limits in the current study. Firstly, sex differences in VO 2 max. Secondly, the lack of measurements of concentrations of some indicators 24 hours after anaerobic exercise (TOS, TAC, Vit A, Vit E and Vit C). 
Conclusions
In sum, the results obtained in this study lead to the conclusion that under similar disruptions to acid-base balance between sexes, anaerobic exercise causes the same changes in total antioxidative capacity, total oxidative status, the oxidative stress index and non-enzymatic antioxidants of low molecular weight in both sexes. Changes in GSH, GSSG and ratio of GSH/GSSG concentrations indicate that oxidative stress lasts at least 24 hours following anaerobic exercise. The interpretation of the level of disruptions to the prooxidant-antioxidant balance following 
